Abstract. Compactness of some stars is explained if they are strange stars (SS) as shown by Dey et al.(1998) (D98) and Li et al. (1999a,b). In D98, a realistic potential was used in a Fock mean field approximation within Dirac phenomenology, thereby simplifying the spinorial structure of the quarks. Using the plane wave states for the beta equilibrated u, d and s quark Fermi seas from D98 and the conventional spin dependent force between these quarks, we now find energy lowering in some specific spin-aligned states. This is a short range pairing between quarks of different flavours and may lower the energy by several M eV for each diquark pair.
Introduction
Recently there has been lot of activity centered around the possibility of lowering of the spin zero state of a diquark in dense matter (see for example the review by Rajagopal and Wilczek (2000) and references therein). There has also been the suggestion that diquarks may be present (Bhalerao & Bhaduri, 1999) like droplets, i.e. with total negative energy rather than just a negative correlation energy as in a superconducting pair.
The large N c expansion, for the number of colours N c , suggests a tree level mean field calculation for quark matter. Using a realistic two quark potential within this scenario leads to SS, since the matter has a minimum energy at a density which is high (∼ 4 to 5 times the normal nuclear matter density, ρ 0 = 0.17/f m 3 ) as shown in D98. We now estimate the spin correlations in this matter, which is washed out in the mean field approximation of D98, by a simple perturbative calculation using various sets of smeared spin-spin interaction which were tested out for the isobar-nucleon mass difference in Dey & Dey, 1984. As is well known, in the large N c language the spin-spin effects are of order 1/N c where as the mean field effects are of order 1 ('t Hooft 1974 , Witten 1979 .
The importance of the exercise may be far-reaching, in so far as there is a rich plethora of unexplained phenomena in the X-ray and radio pulses from compact stars. Some of these are from compact objects claimed to be SS (Li et al. 99a ) like the SAX J1808.8−3658 which show erratic luminosity behaviour and a very long burst time (Wijnands et al.,2001 ). The structure of the surface of the star may be as important as the nature of the accretion disk variations in explaining these phenomena.
Type -I X -ray bursts in low mass X -ray binary flashes on the surface of the stars, when the unstable burning of helium or hydrogen ignites the unburned matter on the surfaces of the stars. These bursts are characterized by fast rise times (of order seconds), long decay times (seconds to minutes), spectral softening during the bursts, and recurrence times of hours to days. In addition, their X-ray spectra can usually be described very well by black body radiation. The exact physics behind type I X-ray bursts is very complex but it is thought that the properties of the bursts are understood in principle. In contrast, the physics behind long lasting 'super bursts' seen recently in several stars like the 4U 1820−30 is not yet well known, which is mostly a result of the very recent discovery of such bursts and the limited information available about them (Wijnands, 2001 ). The first superburst was reported by Cornelisse et al. (2000) from 4U 1735−44, an extremely long burst lasting for hours. Wijnands (2001) reported it for 4U 1636−53 and Heise et al.(2000) for KS 1731−4260 and Serpens X-1. Although models have been proposed to suggest that superbursts are due to unstable carbon burning, the carbon being possible remnants from the ashes of the thermonuclear bursts, we find that our model admits of a rather attractive alternate solution to the problem. We suggest that the realigning of the spin zero diquarks, spoiled during the thermonuclear burst is responsible for the superbursts. The realigning may very well be a slower process, since the matter is equilibrated in our calculation with the beta stability and charge neutrality conditions. However the diquark energy lowering is a strong process and its magnitude is of the same order as that of a thermonuclear process. If our conjecture is correct then there will be a link with the extreme macro physics of compact stars of sizes of the order of kms and masses of the order of solar masses with small diquarks paired by a short range force of few f m and bound by a energy of few M eV . It may be worthwhile to mention that Wijnands (2001) finds that carbon burning is unlikely for 4U 1636−53 since it seems to be a hydrogen-accreting source and carbon burning is more likely for helium-accreting sources.
The spin-spin potential
In the present paper we choose a set of potentials which were used to fit the isobar-nucleon mass difference to study the ratio of the electric quadrupole to the magnetic dipole transition from the former to the latter (Dey and Dey 1984) . These are smeared potentials with normalized short range Gaussians. The parameters are given in Table 1 . The form of the potential is given below :
The factor σ 3 /π 1/2 normalizes the potential.
For the isobar-nucleon mass difference one has to take the expectation value of (λ i .λ j ) (S i .S j ) within colour singlet states, and the result is a lowering of energy of the nucleon by (-2/3) times the radial matrix element of the potential. However the size of the isobar is larger than the nucleon and there is a contribution from the confining force to their mass difference. This is what accounts for the wide variation of the possible parameters in the potential shown in Table ( 1) (for details see Dey and Dey 1984) . Our purpose in using this wide variety of potentials is to point out the fact that diquark binding depends strongly on the nature of the spin-spin force, i.e. its strength and range which are interconnected via hadron phenomenology. This is irrespective of whether it is deduced from a the Fermi-Breit interquark force or an instanton -like four fermion interaction as talked of for example in Rajagopal and Wilczek (2000) .
3. The effect of the potential on diquarks.
The spin spin force produces a small repulsion between similar quarks. So for uu, dd and ss diquarks there is not much energy change due to this force. For diquarks there 1 are two possible states for dissimilar quarks which produce lower energy, the spin triplet which has a factor (-1/3) and the spin singlet (-2). The effect of this can be found easily in our model since we know the distribution of the u,d and s quarks in the momentum space and their Fermi momenta are uniquely determined from precise and lengthy calculations satisfying beta stability and charge neutrality. What we find and report in Table( 2) is the effect of the spin-spin force for specific pairs integrated over their respective Fermi seas. The effect of the potential Eq.
(1) for integrating the momenta from 0 to k f (i)
where xρ 0 is the density at the star surface where the energy per baryon is minimum (for example x = 4.014 for eos2) and f (k) is the Fourier transformed potential as given below :
and
and these are given in Table ( 2). We emphasize that there is a difference between this energy and the conventional pairing, where the effect of the potential is a shift which is found by solving the gap equation. This is more like a correlation energy for some of the paired spin 0 diquarks made up of dissimilar quarks.
The Table ( 2) shows that the variation of the correlation energy is significantly changing with the different sets for the smearing in the spin-spin potential. The variation with the equation of state (EOS) eos1 and eos2 is comparatively unimportant. These EOS differ only in one parameter which controls the chiral symmetry restoration for the ud pairing correlation energy is substantially larger than that of the other pairs.
Let us recall that the energy per baryon is 888.8 M eV with eos1 and 844.6 M eV with eos2 as compared with 930.4 for 56 F e-matter. We can see that the ordered spin singlet state has only a few M eV extra binding on the average for every diquark compared to a positive energy of several hundred MeV. However one should not forget that in a thermonuclear reaction (TR) every fusion produces energy which is of this order only. On the other hand TR is fast to establish a stable high density of about 4.5 times ρ 0 and to get back the ordering of the diquarks after a TR could take long time. If it is established that the concerned stars are indeed strange stars and the diquark pairing is the phenomenon responsible for long lasting bursts, then one could claim a link between the smallest quarks and the densest stars as has been pointed out before (Ray et al. 2000) . This could for example explain the long recurrent type I X ray bursts in 4U 1820-30 (Wijnands 2001 ) which was claimed to be a SS candidate in D98. For diquarks made of dissimilar quarks there can be substantial lowering of energy when the quarks are momentarily close together. As is well known (Kallio, 1965) , fm, one can approximate the plane wave spherical Bessel functions directly into oscillators as follows : (5) where
for the oscillator with a single node in L = 0. This is shown in Fig(1) . In fact this and similar relations were widely used for example in Dey et al.(1969) for finding out bound state oscillator matrix elements from plane wave phase shifts of the nucleon-nucleon potential. Thus, in dimensions typically of the order fm, one can effectively look at small scale structures in terms of spherical Bessel functions with large relative momentum. Working backwards with Fig.(1) we may assert that from eqn.(5) one needs a b of the order of a f m or so to get substantial diquark binding. This implies large relative momentum. The problem is that the particles represented by such a large relative momentum are likely to fly apart.
Apart from the integrated effect presented in Table ( 2), we can estimate the binding energy of a (u, d) pair. For example, in case of eos2, for relative momenta (|k 1 −k 2 |) = 0.82 or 0.75, corresponding to the two values of Cos(θ) = ±1, the energies are about -54 and -51 MeV, overcoming kinetic and mean field potential energies. These are the so called droplets formed from the quarks but they are clearly short lived since the particles are moving with such large relative momenta.
Conclusions and summary.
Our calculations teach us the following :
(1) There are diquark states for dissimilar quark pairs in the spin parallel and antiparallel states with the attraction six times stronger for the latter compared to the former. But the magnitude of the attraction depends strongly on the form of the interaction, even when the interaction is fitted to the standard isobar-nucleon mass difference.
(2) However, the six parameter sets that we have considered all show an attraction of few M eV so that it is comparable to other strong interaction phenomenon like energy release per particle in a thermonuclear burst.
(3) Thus breaking of pairs and their recombination may provide bursts similar in energy release to thermonuclear ones. But the crucial fact is that the recombination process is supplemented by beta equilibrium and charge neutralization which are slower weak and electromagnetic processes.
(4) The alternative to this calculation is to consider the full 16-component Dirac wave function for the diquark in a manner done by Crater and van Alstine (1984) using the Dirac constraint method for the two body Dirac equation. This is clearly beyond the scope of the present paper which is concerned more with phenomenology. In such a calculation the effect of the spin -spin force will be manifest in the mean field level with more complicated spin wave functions but we are not sure if such states can be used to generate solutions of the TOV equations.
In summary we suggest that the superbursts lasting long hours (in candidates like 4U 1820−30 which was already argued to be a strange star in D98 from considerations of compactness), may be due to breaking of dissimilar diquark spin pairing and their subsequent recombination following conventional quick thermonuclear bursts.
